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[571 ABSTRACT

A drain resistor is connected to a drain electrode of a
Field Effect Transistor (FET). One of the input signals
to be multiplied is applied to the drain electrode
through the drain resistor. The other input signal to be
multiplied is applied to a gate electrode of the FET. An
output proportional to the product of two signals ap-
pears across a resistor connected between a source elec-
trode of FET and ground. In such an arrangement the
resistance value of the drain resistor is so determined
that the gradient of the characteristics of the drain cur-
rent to the one input signal becomes almost equal to that
of the characteristics of the drain current to the other
input signal. |
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MULTIPLICATION CIRCUIT WITH FIELD
EFFECT TRANSISTOR (FET)

BACKGROUND OF THE INVENTION 5

A multiplication circuit which is simple in the struc-
tural arrangement can be obtained by utilizing a field
effect transistor (called FET hereinafter). In such a
multiplication circuit one of two variables to be multi-
plied is applied to a drain electrode of the FET and the
other to a gate electrode thereof. Generally, the follow-
ing relationship of the drain current I, to the drain-
source voltage Vpsand the gate-source voltage V sq is
applicable to the region below the pinch-off voltage V

10

15
Ip=BVps: Vos— B Vps(Vp+ §V 9

wherein 8 is a constant (I,,/V?) and I, represents the
drain current when the drain voltage is equal to the
pinch-off voltage Vp As is apparent from the above
equation, the drain current I, includes a component
proportional to the product of the drain voltage and the
gate voltage.

The multiplication circuit, however, has the follow-
ing disadvantages. The first disadvantage is, although 25
the reason is stated in detail after, in that when either of
the drain voltage and the gate voltage is held constant
and the other is changed, there is a difference between
the output characteristics of the drain current depend-
ing on the change of the drain voltage and that of the
drain current depending on the change of the gate volt-
age. The above fact is greatly disadvantageous to the
multiplication circuit. Second, the region in which the
operation can be achieved with the good linearity is
very narrow, because the gradient of the I,-V p,¢charac-
teristics of FET is usually steep with respect to the
drain voltage. Finally, as is understood from the above
equation, the drain current I, includes a component
affected by the pinch-off voltage Vand a component
proportional to the second power of the drain voltage, 40
besides the component proportional to the product of
the drain voltage and the gate voltage. These compo-
nents function as an error in the result of operation.
Especially, the pinch-off voltage V is easily affected by
the temperature. This is aspect of an FET.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
improved multiplication circuit without any of the
above stated disadvantages.

Another object of the present invention is to pro-
vided a multiplication circuit in which the multiplica-
tion can be executed without any influence caused by
the variation of the temperature of circumference.

Still another object of this invention is to provide a 55
multiplication circuit the output of which does not in-
clude any error components.

According to an embodiment of the present inven-
tion, the above object can be solved by a multiplication
circuit with an FET, the a drain and gate electrodes of 60
which are supplied with first and second input signals to
be multiplied, respectively, and a resistor means is in-
serted into a circuit through which the drain current of
FET flows, the resistance value of the resistor means
being so selected that the gradient of the characteristics 65
of the drain current against the first input signal be-
comes substantially equal to that of the characteristic of
the drain current against the second input signal.
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In another embodiment of the present invention there
are provided a pair of FET circuits in which the drain
electrodes of both FETS are supplied in common with
the first input signal and the gate electrode of either one

of both FETs with the second input signal, and the

drain currents of both FET circuits are led to a differen-
tial amplifier. The output signal of the differential am-
phfier which is proportional only to the product of the
first and the second input signals can be obtained by this
embodiment. |

Other objects and features of the present invention
will be clearly understood by reading the description
stated hereinafter in connection with accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 (a) shows the circuit arrangement according
to an embodiment of the invention, which is also uti-
lized for the purpose of explanation of the principle of
the invention,

FIGS. 1 (b) to 1 (f) are drawings representing various
characteristics in order to explain the principle of opera-
tion of the circuit arrangement shown in FIG. 1 (a),

FIG. 2 shows a circuit arrangement in accordance
with another embodiment of the invention,

FIGS. 3 (@) and 3 (b) shows temperature characteris-
tics of output in the circuit arrangement of FIG. 2, |

FIG. 4 shows a circuit arrangement in which the
input circuit of FIG. 2 is improved, and

- FIG. 5 shows a circuit arrangement according to still
another embodiment in which the multiplication of
three input signals can be executed.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIGS. 1 (@) to 1 (f), the explanation will,
at first, be made of the principle of a multiplication
circuit according to the invention. In FIG. 1 (g), as is
well known, FET 3 has three electrodes, namely drain,
gate and source electrodes. The drain electrode is con-
nected to a terminal 5 through a drain resistor 7 and the
gate electrode directly to a terminal 9. Input voltage
signals V, and V, proportional to the variables to be
multiplied are applied to the termiansl 5 and 9, respec-
tively. The source electrode of FET 3 is grounded
through a resistor 11 and further connected to a termi-
nal 13, at which the output V, appears as a voltage
according to the product of V, and V,. In the arrange-
ment of this figure the foregoing equation becomes as
follows; |

Ip=258 (Vﬂ—vo)(vz"“vo) — B (Vp—Vy)
{Vpt+i(Vp—Vy} (1)
Further, provided that the values of the resistors 7

and 11 are R and R, respectively, the following equa-

tions are established in the arrangement shown;

m:m—R@} 2

Vo= Rgl)p

On the other hand, in view of the characteristics of
Ip — Vpsand I — Vggas shown in FIGS. 1 () and 1
(c) which indicate the typical characteristics of FET,
the drain current I,is also represented by the following
equations;
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ID — kl VDS— - - frﬂm FIG- l (b)

ID —_ kz Vgs' - - frﬂm FIG- l (C)

accordingly, in the case of FIG. 1 (a)

In=k(Vp— W 3)

By substitution of the equation (2) into the equation (3)
and by rearrangement with respect to the drain current

Ip;
'I k) (5)
1+ k,'(R + R_S)

Consequently, from the relationship of the equations (3)
and (5),

wherein
| G SR
'™ 1+ k(R + Ry

In accordance with the similar process, in which the
equations (2) and (4) are utilized;

7
Ip=1 +k12c2RS 2 Y
V, — Vy = K,V, (8)
wherein .
K, =
1 + &R,

By substituting the equations (6) and (8) into the equa-
tion (1),

Ip= B K\VKyV, — B K V(Vp + 3K V) )
As is apparent from the above equation, the drain cur-
rent I, includes a component proportional to the prod-
uct of the two inputs V, and V,. It will, therefore, be
understood that the arrangement shown in FIG. 1 (a)
can be utilized for the multiplication circuit. The ar-
rangement shown, however, has such a disadvantage as
stated before. It results from the relationship as repre-
sented by the equations (5) and (7) between the drain
current I, as the output and the voltages V, and V, as
the inputs to be multiplied.

FIGS. 1 (d) and 1 (e) schematically show the relation-
ship of the equations (5) and (7). As is apparent from
both the figures, gradients of both the characteristics
are different from each other. This fact means that the
deviation Aljp, of the drain current I, caused by the
change AV, of the voltage V, differs from the deviation
Al caused by the change AVZ of the voltage V, which
1s equal to AV,.

In order to remove the disadvantage the following

requlrement is necessary:

@
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ky k,
1+ 4R+ Ry — 1+ kR

4

-continued .
namely

kl“kz

R — (10)

The above described disadvantage is removed by select-
ing the resistance value of the resistor 7 so as to satisfy
the relationship of the equation (10).

An example of the results of the inventors’ experi-
ment 1s presented in FIG. 1 (f). The FET utilized in the
experiment is of type uPA34A manufactured by NEC
(Japan), which is a so called depletion type. The resis-
tors 7 and 11 were of 1.5 and 6.8 KQ in resistance. As is
appearent from this figure, excellent coincidence is
observed between both curves for the range over about
3 volts of the input voltage and further it is understood
that the characteristic with the good linearity can be

obtained within the range of 3 to 6 volts. This means
that the multiplication operation is achieved with the

good linearity and without the disadvantage stated be-
fore. Between the 15-V, and the 1,-V, characteristics
the difference of a little amount remains within the
range below 2 volts of the input voltage. As is well
known, however, this results from the I,-V ;ccharacter-
istics itself of the depletion type FET. It will be easily
understood that, if an so-called enhancement type FET
1s used, almost perfect coincidence can be obtained
between both characteristics over the almost whole
range of the input voltage.

An attempt will be made to examine the above stated
principle of this invention by use of the experimental
result of FIG. 1 (f). Let the values of k, and k, be ob-
tained by utilizing the experimental result and the equa-
tions (5) and (7). The results thereof are as follows:

k, = 0.588 X 10-3

k, = 0.213 X 10-3

By substituting these values of k, and %, into the equa-
tion (10), the theoretical resistance R of the resistor 7
can be obtained as follows:

R = (k) — ky/kyky) = 2.99 (KQ)

This theoretical value is nearly twice as large as the
actual resistance of the resistor 7 which was used in the
iInventors’ experiment. There is, however, no large dif-
ference as a unit or order between both. As stated be-
fore, if the enhancement type FET is used, the coinci-
dence between the theoretical and the actual values will
be much more improved.

Referring now to FIG. 2, the explanation will be
made of another embodiment according to this inven-
tion. In this embodiment a pair of FET circuits are
provided, namely one of them includes FET 31 and the
other FET 32. A drain electrode of FET 31 is con-
nected to one of terminals of a drain resistor 71. A
source electrode thereof is grounded through a resistor
111. A gate electrode of FET 31 is connected to a termi-
nal 91 at which one of input voltage signals V,, is ap-
plied. In the same way a drain electrode of FET 32 is
connected to one of terminals of a drain resistor 72. A
source electrode is grounded through a resistor 112. A
gate electrode is connected to a terminal 92 which is
provided with another input voltage signal V,,. The
other terminals of both the drain resistors 71 and 72 are

connected in common to the terminal 5, to which the
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remaining input voltage signal V, is applied. The volt-
ages appearing across the resistors 111 and 112 are led
to a minus and a plus terminals of an operational ampli-
fier 15 through resistors 17 and 19, respectively. The
output of the amplifier 15 is led to the terminal 13 and 5
also fed back to the minus terminal of the amplifier 15
through a feed back resistor 21. The plus terminal of the
amplifier 195 is also grounded through a resistor 23. The
operational amplifier 15 and the resistors 17, 19, 21 and
23 form a so called differential amplifier circuit.

In the arrangement described above, the following
two equattons are established with respect to the re-
spective FET circuits.

10

Ipy = B\K 1 VK, Wy — B Ky /Vi(Ve + 4K, V) 15

Iy = Bk Vi KyyVig — BoKy ViV + 4K V)

wherein |
B, By and Vpy, Vp; B and Vpof FET 31 and 32

. * 20
respectively

l

Kn=T7 kiy(R + Ry K= + ki Ry
Kk Ky Ky and k, of FET 31. 25
K 1 K ]
7T 14k (R+R9 7827 1 + kyR;

30
ki, kyy Ky and k, of FET 32

Provided that an FET with the same characteristic is
utilized as FETs 31 and 32;

35
kyy = ky = k,
kl! = kzz = kz
Accordingly;
40
K=K = K,
Ky, = Ky = K,

Further y since Bl == Bz = B, VPI = VPI — Vm == VPI! the

: . 45
above two equations can be rewritten as follows.

Ipr = BK VKoV — BK\Vi(Vp + 3K\ V) (11)

IDZ -— ﬁKl VI'KZ sz —_ BKI VI(VF + iKI Vl) (12)

| | 50
Consequently, the following voltage drop appears
across the resistors 111 and 112, provided that the resis-
tance of the resistors is both Rg.

Vsi = Rglp and Vg, = Rglp, 55

Now, the output V;of the amplifier 15 is represented by
the following equation, if the gain of the amplifier is

infinite.

60
Vi=Ry/Ry(Fa— Vs)

where R, 1s the resistance of the resistors 17 and 19, and

R, 1s that of the resistors 21 and 23.
If the resistance of those resistors is so selected that

R, is equal to R,,

Vi= Vg — Vg = Rg(Ip, — Ipy) (13)

6

- By substituting the equations (11) and (12) into the equa-

tion (13),

Vi = BRK\K ) Vi(Vyy — Vyy) (14)

As 1s clear from the equation (14), the result of the
operation executed by the arrangement of FIG. 2 does
not include any error components, especially the com-
ponent caused by the pinch-off voltage V, which is
easily affected by the temperature.

Some temperature characteristics curves according
to the result of the inventors’ experiment are shown in
FIGS. 3 (@) and 3 (b). In the experiment, the resistances
R and Rgof the resistors 71, 72 and 111, 112 were 1.55
and 6.8 K, respectively and the resistances of the resis-
tors 17, 19, 21 and 23 were 33 K(). As the operational
amplifier LM2902 (manufactured by National Semicon-
ductor Co. (U.S.A.)) was used. FIG. 3 (a) shows the
output characteristics against temperature variation
when the input voltage V,,, V,, was kept constant. FIG.
3 (b) shows the output characteristics against tempera-
ture variation when the input voltage V, was kept con-
stant. As 1s apparent from both figures, the variation
rate of the output voltage V; does not exceed 5% over
the wide range of the temperature change.

A circuit for the gate electrode of two FETs 31 and
32 can be further improved as shown in FIG. 4. Ac-
cording thereto an operational amplifier circuit is pro-
vided for the input signal which is applied to the gate
electrode. Other elements are the same as in FIG. 2.
The same elements are, therefore, represented by the
same reference numerals as in FIG. 2. This circuit com-
prises an operational amplifier 25 the output of which is
led to the gate electrode of FET 31. A minus input
terminal of the amplifier 25 is connected through a
resistor 27 to the terminal 9 to which the one V, of the
two variables to be multiplied is applied. A plus input
terminal of the amplifier 25 is connected through a
resistor 29 to a terminal 35 a constant D.C. voltage E is
applied to. The constant D.C. voltage E is applied to
the gate electrode of FET 32, too. Further, the output
of the amplifier 25 is fed back to the minus input termi-
nal thereof through a feed back resistor 37 and the plus
input terminal of the amplifier 25 is grounded through a
resistor 39. It should be here noted that the above stated
operational amplifier circuit for the input signal V, is in
the circuit arrangement quite similar to the operational
amplifier circuit including the amplifier 15. The output
voltage of the amplifier 25 is, therefore, equal to the
difference (E — V,). Consequantly there is the follow-
ing relationship between the arrangement of FIG. 4 and
that of FIG. 2:

By substituting the relationship of the equation (15) into
the equation (14); = o

V21=E—Vz

(15)
Vp=E |

V3= BRK\K,V\V, = KWV, (16)

 where K = BRK.K,

The output voltage appearing at the terminal 13 of

5 FIG. 4 is proportional only to the product of the two

inputs V, and V,,.
The above description was made of the multiplication
circuit in which the two input signals, namely V, and



4,100,432

7

V, were multiplied. The idea of this invention is, how-
ever, not limited to such an application. It can be further
applied to the multiplication for more than three input
signals to be multiplied. FIG. 5 shows the circuit in
which the multiplication for three input signals V,, V,
and V; can be executed. In FIG. § a further circuit
encircled by the broken line is provided for the further
multiplication of the third input V;. The arrangement of
the remaining part of FIG. 5 is the same as the arrange-

ment of FIG. 4, and therefore the same elements are

represented by the same reference numerals. The ar-
rangement of the circuit encirculed by the broken line is
also the same as the arrangement of FIG. 4. In this part,
however, the same elements are represented by refer-
ence numerals which have an additional numeral “1”
after the reference numeral of the corresponding ele-
ments.

In the arrangement of FIG. 5, as is understood from
the above statement, the product of two inputs V, and
V,appears as the output of the amplifier 15, which is led
to the junction 131 at which drain resistors 711 and 721
are connected in common. A terminal 93 is supplied

10

15

20

with the third input V;, which is led to a minus input

- terminal of an amplifier 251 through a resistor 271. The
constant D.C. voltage E is further applied to a plus
input terminal of the amplifier 251 through a resistor
291 and to a gate electrode of FET 321. It will be easily
understood that the output of an amplifier 151 is propor-
tional to the product of the three inputs V,, V,and V,,

because the function of the part encircled by the broken
line, as well as the remaining part of the circuit of FIG.

d, 1s quite the same as that of FIG. 4. The circuit ar-
rangement of FIG. 4 is a fundamental unit circuit for
multiplication. By the simple cascade connection of the
(n — 1) fundamental unit circuits, the circuit for the »
inputs to be multiplied can be achieved.

We claim:

1. In a multiplication circuit having a field effect
transistor, the drain and gate electrodes of which are
supplied with first and second input signals to be multi-
plied, re3pect1vely, the improvement comprising:

25

30

35

a pair of field effect transistors, the drain electrodes of 40

which are supplied in common with the first input
signal and the gate electrode of one of which is
supplied with the second input signal, the gate
electrode of the other field effect transistor being
kept at a constant voltage,

resistor means connected to the respective drain elec-

trodes, the resistance value of said resistor means
being such that the gradient of the characteristic of
the drain current to the first input signal is substan-
tially equal to that of the characteristic of the drain
current to the second input signal, and

a differential amplifier having two input terminals

which are supplied with the signals corresponding
to the drain currents of said field effect transistors
respectively.

2. A multiplication circuit according to claim 1, fur-
ther including another differential amplifier, one of two
input terminals of which is provided with the second
input signal, the other input terminal of which is sup-
plied with a constant voltage signal and the output of
which is led to the gate electrode of either or both of the ¥
field effect transistors wherein the constant voltage
signal 1s also applied to the gate electrode of the other
field effect transistor.

3. A multiplication circuit comprlsmg a ﬁeld effect
transistor having a drain, a source, and a gate electrode,
a first of two input signals to be multiplied being applied
to the drain electrode through a first resistor, a second
input signal being applied to the gate electrode, and an

45

50

93

65

8 .
output dependlng on the product of the two mput s1g-
nals bemg derived from a second resistor connected to
the source electrode, wherein the resistance value of
said first resistor connected to the drain electrode is
such that the gradient of the characteristic of the drain
current to said first input signal is substantlally equal to
that of the characteristic of the drain current to said
second input signal.

4. In a multiplication circuit having a field effect
transistor drain and gate electrodes of which are sup-
plied with first and second input signals to be multi-
plied, respectwely, the improvement comprising:

a pair of field effect transistors, the drain electrodes of
which are supplied in common with said first input
signal and the gate electrode of one of which is
supplied with said second input signal,

resistor means, inserted into respective circuits
through which the drain current of the respective
transistors flows, the resistance value thereof being
such that the gradient of the characteristic of the
drain current to said first input signal is substan-
tially equal to that of the characteristic of the drain
current to said second-input signal, and

a differential amplifier having two input terminals
which are supplied with signals corresponding to
the drain currents of the field effect transistors,
respectively, and further including another differ-
ential amplifier, one of two input terminals of

which is provided with said second input signal,
the other input terminal of which is supplied with a
constant voltage signal and the output of which is

led to the gate electrode of at least one of said field
effect transmtors, and wherein the constant voltage
signal is also applied to the gate electrode of the
other field effect transistor.

5. The multiplication circuit for producing an output
representative of the product of » mput signals, where
1S an integer greater than one, comprising:

n mput electrodes to which » respective input signals
are applied; and
n—1 multiplier stages, each of which stages com-
prises
a pair of field effect transistors, the drain electrodes
of which are supplied in common with a first
input signal and the gate electrode of one of
which is supplied with a second input signal, the
gate electrode of the other field effect transistor
being maintained at a constant voltage,
resistor means connected to respective drain elec-
trodes of said field effect transistors, the resis-
tance value of said resistor means being such that
the gradient, of the characteristic of the drain
current to the first input signal is substantially
equal to that of the characteristic of the drain
current to the second input signal, and
a differential amplifier having two input terminals
which are supplied with the signals correspond-
ing to the drain currents of said field effect tran-
sistors, respectively, and an output terminal: and
wherein
- the first and second input signals of a first of said »— 1
multiplier stages correspond to said first and sec-
ond ones of said n respective input signals; and
the first and second input signals of each j* stage of
the n—1 multiplier stages additional to said first
multiplier stage correspond to a(j+1)* one of said
n respective input signals and the output of the
differential amplifier of the (f—1)* multiplier stage,

respectively, where 1 <j=n—1.
* %k % ¥ %
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